[1] Frost flowers are ice crystals that grow on refreezing sea ice leads in Polar Regions by wicking brine from the sea ice surface and accumulating vapor phase condensate. These crystals contain high concentrations of mercury (Hg) and are believed to be a source of reactive halogens, but their role in Hg cycling and impact on the fate of Hg deposited during atmospheric mercury depletion events (AMDEs) are not well understood. We collected frost flowers growing on refreezing sea ice near Barrow, Alaska (U.S.A.) during an AMDE in March 2009 and measured Hg concentrations and Hg stable isotope ratios in these samples to determine the origin of Hg associated with the crystals. We observed decreasing D 
Introduction
[2] During spring in Polar Regions, chemical reactions involving reactive halogens cause atmospheric boundary layer ozone depletion and the oxidation of gaseous elemental mercury (GEM) to reactive gaseous mercury (RGM) and particle-bound mercury (PHg) compounds that are rapidly deposited to the snowpack [Schroeder et al., 1998; Lu et al., 2001; Ariya et al., 2002; Lindberg et al., 2002; Shepler and Peterson, 2003; Steffen et al., 2003; Goodsite et al., 2004; Skov et al., 2004; Brooks et al., 2006] . During these atmospheric mercury depletion events (AMDEs), atmospheric boundary layer concentrations of GEM decrease from $1.6 ng/m 3 to well below 1.0 ng/m 3 for hours to days [Lindberg et al., 2002; Temme et al., 2003; Skov et al., 2004; Brooks et al., 2006] . When these events occur due to local GEM oxidation and deposition rather than influx of a previously depleted air mass [Gauchard et al., 2005] , mercury (Hg) concentrations in surface snow can increase by more than an order of magnitude to values as high as 400 ng/L Johnson et al., 2008] . Recent studies including several conducted in Barrow, Alaska (AK) (U.S.A.) Skov et al., 2006; Johnson et al., 2008; Sherman et al., 2010] suggest that a significant portion of the Hg deposited during AMDEs is subsequently reduced during photochemical reactions and reemitted as GEM [Lalonde et al., 2002; Poulain et al., 2004; Kirk et al., 2006] . However, the percent of AMDE-deposited Hg remaining in the snowpack at the time of snowmelt has been debated [Lu et al., 2001; Dommergue et al., 2003; Larose et al., 2010; Sherman et al., 2010] . A more complete understanding of Hg cycling at snow and sea ice surfaces during these events is crucial to determining the potential impact of AMDEs on Arctic ecosystems.
[3] The occurrence of locally produced AMDEs requires sunlight, relatively calm meteorological conditions and elevated levels of tropospheric halogens such as bromine (Br) [Barrie et al., 1988; Fan and Jacob, 1992; Lindberg et al., 2002] . While the exact mechanisms that cause the production of large quantities of sea salt aerosols during these events remain unclear , it has been suggested that first-year sea ice [Simpson et al., 2007] , blowing snow [Yang et al., 2010] , halogen reactivation and emission from snow surfaces [Piot and von Glasow, 2008] , and frost flowers [Rankin et al., 2002; Kaleschke et al., 2004] are potential sources of the gas-phase halogens. Frost flowers are ice crystals that commonly develop on the surface of new sea ice that is refreezing over leads [Perovich and Richter-Menge, 1994; Martin et al., 1996; Rankin et al., 2002; Douglas et al., 2012] . Brine is wicked upward into the newly forming "wet" frost flowers until it is depleted from the ice surface Douglas et al., 2012] . The then "dry" frost flowers continue to grow via condensation of water vapor from the supersaturated air directly above the sea ice [Andreas et al., 2002; Domine et al., 2005] . This vapor phase deposition onto the frost flowers generally dilutes the concentrations of major elements (including Cl, Br, Na, K, Mg, and Ca) in the crystals [Douglas et al., 2012] . Frost flowers are eventually buried by blowing snow, flooded with seawater [Perovich and Richter-Menge, 1994] , or redistributed onto the ice and snowpack by strong winds [Rankin et al., 2002] .
[4] In addition to potentially enhancing the production of gas-phase halogens during AMDEs, frost flowers may play other important roles in Arctic Hg cycling. High Hg concentrations have been measured in frost flowers (>150 ng/L) and it has been suggested that the high halogen concentrations in these ice crystals [Rankin et al., 2002] cause them to scavenge atmospheric Hg . The extent to which frost flowers impact the cycling of Hg between snow, the atmosphere, and sea ice during AMDEs is not well understood. Measurement of Hg stable isotope fractionation has been shown to be an effective tool to study the transfer of Hg between snow and the atmosphere in Arctic regions [Sherman et al., 2010] . As part of the 2009 Ocean-Atmosphere-Sea Ice-Snow (OASIS) field campaign, we measured Hg stable isotope ratios in samples collected near Barrow, AK to investigate the transfer of Hg between frost flowers, surface snow, and the atmospheric boundary layer during polar springtime.
Mercury Stable Isotopes
[5] The measurement of Hg stable isotope ratios in natural samples has recently provided insight into Arctic Hg cycling [Sherman et al., 2010; Point et al., 2011] . There are seven stable isotopes of Hg (196, 198, 199, 200, 201, 202, and 204 amu) and isotopic fractionation can occur during a variety of biotic and abiotic reactions. Mercury isotope ratios are reported using delta notation as Hg is a given isotope of Hg and SRM 3133 is a NIST Hg standard . Massdependent fractionation (MDF) of Hg can occur during processes such as microbial reduction [Kritee et al., 2007] and photochemical reduction and loss from aqueous solutions and snow Zheng and Hintelmann, 2009; Sherman et al., 2010] . Mercury can also undergo mass-independent fractionation (MIF), which is reported as the deviation of a measured ratio from that theoretically predicted to result due to kinetic MDF as
where b is equal to 0.252 for 199 Hg and 0.752 for 201 Hg . MIF can occur during photochemical reactions (due to the "magnetic isotope effect") and to a lesser extent (<$0.5‰) primarily during equilibrium reactions due to differences in the nuclear charge radii between Hg isotopes (the "nuclear field shift effect") Zheng et al., 2007; Estrade et al., 2009; Zheng and Hintelmann, 2010a] . High levels of MIF occur due to the magnetic isotope effect (MIE) during kinetic photolysis reactions that are spin-selective and involve the creation of long-lived spin-related radical pairs [Turro, 1983; Buchachenko, 2001; Bergquist and Blum, 2007] . Because only the odd-mass-number isotopes of Hg are magnetic and have unpaired nuclear spin, radical pairs involving an odd-mass-number isotope of Hg can recombine at different rates than those with an even-massnumber isotope of Hg. This process has been shown experimentally to produce D 199 Hg/D 201 Hg ratios of between 1.0 and 1.3 Zheng and Hintelmann, 2009] . During reactions in which radical pairs are generated in the triplet state, triplet to singlet conversion is enhanced by magnetic isotopes. As a result, radical pairs that include odd-mass-number isotopes of Hg recombine at a faster rate and the odd-mass-number isotopes of Hg are preferentially retained as reactants [Zheng and Hintelmann, 2010a] . Bergquist and Blum [2007] observed this effect during the photochemical reduction of Hg 2+ from aqueous solutions containing dissolved organic carbon. Because the odd-massnumber isotopes of Hg were preferentially retained in the oxidizing reservoir, positive MIF of 199 Hg and 201 Hg was observed in the aqueous solutions (D 199 Hg values up to 2.1 AE 0.05‰, 2 s.d.) . It is also possible under different bonding conditions for radical pairs that involve Hg to be generated in the singlet state [Zheng and Hintelmann, 2010a] . During these reactions, singlet to triplet conversion is enhanced by magnetic isotopes and the recombination of radical pairs that include magnetic isotopes of Hg becomes spin forbidden. This results in the preferential accumulation of the odd-mass-number isotopes of Hg in the reaction products [Zheng and Hintelmann, 2010a] . Sherman et al. [2010] observed MIF of this character in Arctic snow during an AMDE. Preferential photochemical reduction and loss of the odd-mass-number isotopes of Hg from surface snow resulted in the observation of extreme negative MIF of 199 Hg and 201 Hg in the snow (D 199 Hg values down to À5.08 AE 0.09‰, 2 s.d.) [Sherman et al., 2010] . This suggests that the measurement of MIF of Hg stable isotopes in Arctic snow and ice samples may help to elucidate the fate of AMDE-deposited Hg.
Methods

Sample Collection
[6] All of the samples described in this study were collected into Teflon bottles (PTFE) using acid-cleaned Teflon scoops. The bottles were acid washed in a clean room in the Biogeochemistry and Environmental Isotope Geochemistry Laboratory at the University of Michigan (UM BEIGL). The bottles were fully submerged in a hot 5% HNO 3 (v/v) bath for 48 h and then filled with 5% BrCl (v/v) for 48 h. After being thoroughly rinsed with deionized water, the bottles were dried and a subset were filled with 1% BrCl (v/v), allowed to react for 24 h, and analyzed for Hg concentrations using atomic absorption spectrometry (AAS; Nippon Instruments, MA 2000). Mercury concentrations in these bottle blanks were below the method detection limit (MDL) for these analyses (i.e., <0.76 ng/L; see section 3.2).
[7] As described by Douglas et al. [2012] , frost flower, snow, and brine samples were collected in March 2009 from two sites located approximately 7 km apart at the edge of the land-fast ice north of Barrow, AK (Figure 1 ). Site A was located $3 km northwest of Barrow (71.306433 N, 156.807159 W) and Site B was located $8.5 km northeast of Barrow (71.35385 N, 156.688171 W) . Based on analysis of Moderate Resolution Imaging Spectroradiometer (MODIS) imagery [see Douglas et al., 2012, Figure 1] , repeat visits to the sea ice sites, and calm meteorological conditions during the study period, we believe that the frost flowers at the two sites were part of a single large field. This frost flower field was several kilometers long and the ice crystals began growing either in the evening of March 13 or in the morning of March 14 [Douglas et al., 2012] . We collected samples from this field over time to represent a continuum from wet, brine-rich flowers to dry flowers coated with an increasing amount of vapor phase condensate. To ensure collection of sufficient Hg for isotopic analyses, large volume samples were collected at each site when possible. To determine whether AMDEs were occurring during the study period, atmospheric total gaseous Hg (TGM) was measured continuously at the Barrow Arctic Science Consortium (BASC) $4 km north of Barrow ( Figure 1 ) using a Tekran 2537A. In remote areas such as Barrow where there are no significant local anthropogenic sources of Hg, TGM is predominantly composed of GEM [Ebinghaus et al., 2001; Douglas et al., 2008] .
[8] On March 14, 2009, actively growing wet frost flowers were collected at Site A. Based on MODIS imagery, we believe that these frost flowers were less than 24 h old [Douglas et al., 2012] . We also collected frozen surface brine ($3 mm thickness) from an area near these wet frost flowers and older dry frost flowers from a location $300 m inland. There was no liquid brine at the surface near the dry frost flowers and the crystals were no longer wicking up brine. Finally, we collected surface snow samples ($1 cm in depth) from an ice block elevated 1 m above the sea ice surface near the frost flowers. Although we do not know exactly when this snow began accumulating, clear skies and low winds persisted for several days prior to March 14. Under these cold, clear sky conditions at sites immediately adjacent to open leads and actively refreezing leads, vapor phase deposition of diamond dust and surface hoar can add millimeters to a centimeter of ice crystals to the snowpack surface in a period of less than 24 h . We suggest, therefore, that this snow probably represents a mixture of diamond dust and surface hoar that was less than 24 h old at the time of collection. On March 16, 2009, we returned to Site A and resampled the frost flowers that had been wet and actively taking up brine two days earlier. These frost flowers were dry and had substantially gained in ice volume due to the deposition of vapor phase condensate.
[9] On March 20, 2009, we traveled to Site B and collected dry frost flowers, surface snow and brine samples. As previously discussed, based on MODIS imagery [Douglas et al., 2012] , we believe that these frost flowers were part of the same large field as the frost flowers collected at Site A. Therefore, we suggest that these frost flowers were approximately six days old. Finally, in the morning of March 25, 2009 we collected dry frost flowers and brine from a site approximately 1 km south of Site B.
Analytical Methods
[10] After collection, snow and frost flower samples were kept frozen until they were processed for analysis. At the UM BEIGL, 1% BrCl (v/v) was added to the samples and they were allowed to melt in a clean room. Prior to concentration analysis, 5 ml aliquots of the frost flower and brine samples were treated with ultraviolet light (UV) for three to four days in sealed quartz tubes to release any Hg that was strongly bound to ligands [Olson et al., 1997] . Procedural standards (10 pg of SRM 3133 in 1% BrCl) and blanks were treated with UV light in the same manner. Mercury concentrations were then measured using AAS. Variations in mean concentration measurements are reported as 1 s.d. The MDL for these analyses was 0.76 ng/L (3 s.d. of blank analyses) and all sample replicates were within 11.8% relative percent difference (RPD) (mean RPD = 2.79 AE 2.88%, n = 40). Mercury in procedural standards treated with UV light was consistently recovered after treatment (mean recovery = 100 AE 6%, n = 5) and Hg concentrations in the procedural blanks treated with UV light were below the MDL (n = 5). Two acid-cleaned bottles were transported to the sampling sites as process bottle blanks and remained closed during the sampling period.
These bottles were filled with 200 ml of 1% BrCl (v/v) in a clean room and were found to contain small amounts of Hg (mean = 0.59 AE 0.26 ng per bottle). Although these bottle blanks contain more Hg than the laboratory bottle blanks (which did not contain detectable quantities of Hg), this amount of Hg represents only an average of 2.1 AE 1.1% of the Hg in samples analyzed for isotopic composition and thus is negligible.
[11] After Hg concentration analysis, those samples with sufficient Hg for isotopic analysis (i.e., >8 ng) were concentrated into acidic 1% KMnO 4 (w/w) solutions (Alfa Aesar) as follows. Each sample was poured into a 2 L Pyrex bottle and 0.3 mL of 30% NH 2 OH HCl (w/v) was added and allowed to react for 30 min. A peristaltic pump was then used to add 100 ml of 5% SnCl 2 (w/v) to the solution at a rate of 10 ml/min. Mercury-free air was pulled through the sample and carried the resulting GEM into the trapping solution at a rate of 0.7 L/min for four hours. Procedural standards (25 to 50 ng of SRM 3133 in 1% BrCl) and blanks were processed in the same manner. Mercury in these standards was consistently recovered in the final solutions (mean recovery = 91 AE 6%). The small amount of Hg measured in the procedural blanks (mean = 0.22 AE 0.12 ng per blank, n = 3) was attributable to the KMnO 4 solutions. The Hg isotopic compositions of samples and procedural standards were measured using continuous-flow cold vapor generation multicollector inductively coupled plasma mass spectrometry (MC-ICP-MS) according to previously published methods Blum and Bergquist, 2007] .
Results
[12] Hg concentrations measured in frost flower, surface snow, and brine samples are presented in Table 1 . Frost flowers at Site A increased in Hg concentration as they grew: new wet frost flowers collected on March 14, 2009 contained an average of 131 AE 6 ng/L of Hg, older dry frost flowers collected the same day contained an average 157 AE Reported Hg concentrations represent averages of replicate measurements. The MDL for these measurements was 0.76 ng/L and all sample replicates were within 11.8% relative percent difference (RPD) (mean RPD = 2.79 AE 2.88%, n = 40). Presented isotope ratios for the UM-Almadén secondary standard are averages of analytical session averages from January 2010 through March 2011 ("n" is the total number of analytical sessions). Presented isotope ratios for procedural standards are averages of analytical session averages ("n" is the number of processed standards). Number of analysis for samples are the total number of times the sample was analyzed in a single analytical session. Analytical uncertainties for the UM-Almadén standard and procedural standards are 2 s.d. of analytical session averages. Analytical uncertainties presented for limited samples that were measured more than once in a given analytical session are 2 s.d. of analytical session averages. Maximum sample analytical uncertainty for a given isotope ratio is the largest of the uncertainty (2 s.d.) measured in the UM-Almadén standard or procedural standards.
35 ng/L of Hg, and dry frost flowers that were $48 h old (collected on March 16) contained an average of 180 AE 28 ng/L of Hg. Surface snow collected on March 14 contained an average of 89.3 AE 16 ng/L of Hg and brine samples scraped from the ice surface on the same day contained lower Hg concentrations (mean = 41.5 AE 3 ng/L). The samples collected from Site B on March 20 contained lower Hg concentrations than the samples collected previously at Site A (dry frost flowers: mean = 49.4 AE 5 ng/L; snow: mean = 11.4 AE 0.2 ng/L; brine: mean = 52.7 AE 11 ng/L). Five days later, Hg concentrations were higher in the dry frost flower samples collected at Site B (mean = 82.2 AE 13 ng/L) but the associated surface brine contained lower Hg concentrations (mean = 16.0 AE 0.1 ng/L).
[13] The isotopic compositions of frost flower, surface snow, and brine samples that contained >8 ng of Hg are presented in Table 2 [14] Interpretation of these data is aided by knowledge of atmospheric TGM concentrations during the study period. . Although TGM measurements made at BASC are likely representative of regional atmospheric TGM concentrations, it is possible that TGM concentrations at the sampling sites on the sea ice were somewhat different. However, based on the observed meteorological conditions at BASC, it is likely that the air masses sampled at BASC also impacted the collection sites. From March 14 through March 16 surface winds at BASC were from the east-northeast toward Site A and on March 20 and during the morning of March 25 surface winds at BASC were from the south toward Site B. AMDE conditions existed at BASC while the frost flowers were growing from March 14 to March 16, 2009 . During this time period, atmospheric TGM concentrations were highest concurrent with peak solar radiation (Figure 4 ). This may have occurred due to photochemical reduction and reemission of GEM from the surface snow during the AMDE Johnson et al., 2008] . Atmospheric TGM concentrations began to return to typical background levels ($ 
Discussion
[15] As frost flowers grow, deposition of water vapor condensate causes dilution of major anions and cations in the ice crystals [Douglas et al., 2012] . Our observations of Hg concentrations in frost flowers do not follow this trend. In contrast, as major element concentrations decreased in the frost flowers growing at Site A from March 14 through March 16, 2009 [Douglas et al., 2012] , Hg concentrations increased (Figure 3) . Previous studies have similarly observed increasing Hg concentrations in frost flowers over time from new wet frost flowers to older dry frost flowers . Because Hg concentrations are reported as ng of Hg per liter of melted sample, increases in Hg concentration can be the result either of addition of Hg or loss of ice. However, because vapor phase condensate was added to frost flowers collected at Site A as they grew [Douglas et al., 2012] , the observed increases in Hg concentration must have been due to the addition of Hg to the frost flowers.
[16] New wet frost flowers collected at Site A on March 14, 2009 displayed positive D
199 Hg values (mean D 199 Hg = 0.77 AE 0.13‰). It is unlikely that adsorption of RGM to the frost flowers caused MIF via the MIE because photochemical reactions and long-lived radical pairs are not believed to be involved in this process . Although the nuclear field shift (NFS) effect has been observed to cause MIF of Hg during equilibrium reactions, this effect has not been predicted or observed to produce MIF greater than $0.5‰ [Schauble, 2007; Bergquist and Blum, 2009; Estrade et al., 2009; Zheng and Hintelmann, 2010b] . In addition, the NFS effect has been theoretically predicted and experimentally demonstrated to produce a D Hg ratio between 1.6 and 2.5 [Schauble, 2007; Estrade et al., 2009; Hintelmann, 2009, 2010b] . Based on a York regression [York, 1966] , the frost flower and surface snow samples collected at Site A were characterized by a D
199
Hg/D 201 Hg ratio of 1.26 AE 0.10 (1 s.d.). Therefore, it is unlikely that adsorption of RGM to the frost flowers caused MIF either via the MIE or the NFS effect. Instead, it is likely that the Hg in the wet frost flowers at Site A exhibited positive MIF prior to adsorption.
[17] There are at least two processes that could produce the Hg that was adsorbed to the frost flowers as they grew:
(1) oxidation of background atmospheric GEM or (2) oxidation of GEM emitted from the snowpack surface during photochemical reduction reactions. The oxidation of atmospheric GEM to RGM and subsequent complete deposition of Hg from the atmospheric boundary layer should not cause [Sherman et al., 2010] ). Based on this evidence, we argue that complete depletion of atmospheric Hg during AMDEs results in deposition of Hg that does not display positive MIF.
[18] However, if atmospheric depletion of Hg is not complete and oxidation of GEM to RGM during AMDEs causes positive MIF, background atmospheric Hg deposited during AMDEs might display positive MIF. Several studies have investigated the reactions that result in the oxidation of GEM to RGM during AMDEs [Ariya et al., 2002; Lindberg et al., 2002; Calvert and Lindberg, 2003; Goodsite et al., 2004; Skov et al., 2006] . Although this oxidation may occur through several reaction pathways, kinetic and thermodynamic studies, ab initio calculations, and measured atmospheric halogen concentrations during AMDEs indicate that gaseous atomic Br is one of the most significant oxidizing agents [Ariya et al., 2002; Lindberg et al., 2002; Khalizov et al., 2003; Shepler and Peterson, 2003; Goodsite et al., 2004; Xie et al., 2008] . GEM oxidation by gaseous Br may proceed according to reactions such as the following:
HgBr þ Br → HgBr 2 ð4Þ
[19] Although sunlight is necessary to photolytically produce atomic Br from Br 2 , the gas-phase oxidation of Hg 0 by Br (reaction 3) is not a directly photochemically mediated radical pair reaction [Fan and Jacob, 1992; Barrie and Platt, 1997; Foster et al., 2001; Goodsite et al., 2004; Brooks et al., 2006] . It is possible, however, that the radical pair intermediates in reaction 4 may be relatively long-lived. Therefore, we cannot discount the possibility that reaction 4 may cause MIF via the MIE. However, as discussed previously, because GEM is nearly completely depleted from the atmosphere during AMDEs, it is not likely that deposited RGM retains a significant MIF signature.
[20] Based on these arguments, it is unlikely that RGM produced via oxidation of background atmospheric GEM during the AMDE on March 14, 2009 displayed positive MIF. However, as described above, Hg in wet frost flowers growing at Site A displayed significant positive D
Hg values. We infer that RGM deposited to local surface snows was photochemically reduced and reemitted, subsequently locally reoxidized (either by gaseous halogens or heterogeneously on the frost flowers), and adsorbed to the growing frost flowers . Sherman et al. [2010] observed extreme negative D
199 Hg values in snow samples collected during an AMDE in March 2006. To determine the cause of this fractionation, the authors filled a flux chamber with drifted snow that displayed negative D
199 Hg values ( Figure 5) . By exposing the snow to sunlight and collecting the emitted GEM, the authors determined that photochemical reduction of Hg in the snow caused the preferential emission of the odd-mass-number isotopes of Hg as GEM [Sherman et al., 2010] . Relative to the Hg originally in the snow, this resulted in more negative D
199 Hg values in the snow after photochemical reduction and less negative D
Hg values in the emitted GEM ( Figure 5 ) [Sherman et al., 2010] . Although the authors were able to measure the preferential emission of the odd-mass-number isotopes of Hg during this experiment, they did not observe the retention of this Hg in local snow or any other reservoir [Sherman et al., 2010] .
[21] We suggest that frost flowers may adsorb a portion of the Hg that is reemitted from surface snow and locally reoxidized. These crystals thereby represent a complementary isotopic reservoir to surface snow. As shown in Figure 5 , if this process occurred in a manner similar to that observed by Sherman et al. [2010] , we would expect the D
Hg value of GEM emitted from the collected surface snow samples was positive (expected D 199 Hg ≈ 3.4‰ based on D 199 a snow-air = 0.99660 [Sherman et al., 2010] ). As photochemical reduction continued, we expect that D 199 Hg values in the surface snow and emitted GEM decreased [22] It is difficult to estimate when the frost flowers began accumulating Hg and how the rate of Hg adsorption changed through time. Based on the D
Hg values measured in frost flowers collected at Site A on March 14, 2009, it is likely that the frost flowers began accumulating Hg after the local surface snow had already lost some Hg. The deposition velocity of RGM depends on a number of factors that may have changed throughout the study period including the meteorology (e.g., wind speed and temperature) and surface properties of the RGM species . In addition, as the frost flowers grew and their chemical composition and physical properties changed Douglas et al., 2012] , their ability to scavenge Hg may have also changed. Because this system is very complex, it is not currently possible to quantitatively model the isotopic evolution of the frost flowers and corresponding surface snow without making an unreasonable number of simplifying assumptions.
[ Hg values between Sites A and B probably reflects spatial variations in Hg isotopic composition among snow samples which has been observed previously but is not well understood [Sherman et al., 2010] . We suggest that there are several possible explanations for the observed negative D
199 Hg values in the frost flowers at Site B including (1) adsorption of isotopically distinct Hg relative to that adsorbed to frost flowers at Site A, (2) photochemical reduction of Hg from the frost flowers, or (3) continued accumulation of Hg emitted from the snowpack surface coupled with deposition of vapor phase condensate. We cannot rule out the possibility that Hg initially deposited to the frost flowers collected at Site B was different isotopically than Hg initially deposited to frost flowers growing at Site A. However, this seems unlikely because the crystals growing at both sites were part of one large frost flower field [Douglas et al., 2012] . It is possible that photochemical reduction and loss of Hg from the frost flowers could have occurred at Site B after AMDE conditions ended on March 16, 2009 . If the Hg bonding environment in these ice crystals is similar to that of Hg in surface snow, we expect that photochemical reduction of Hg from the frost flowers would cause the preferential loss of the odd-mass-number isotopes of Hg and could have resulted in the observed negative D 199 Hg values. However, because frost flowers contain high concentrations of Br [Perovich and Richter-Menge, 1994; Rankin et al., 2002; Douglas et al., 2012] , it is possible that Hg that is reduced and emitted from the ice crystals may be rapidly reoxidized and readsorbed [Poulain et al., 2004; Skov et al., 2006] . We think it is most likely that frost flowers at Site B continued to accumulate Hg emitted from the local surface snowpack after the dry frost flowers were collected at Site A on March 16. Continued adsorption of this Hg by the frost flowers at Site B could have resulted in the observed negative D
Hg values in these samples. After the AMDE ended and atmospheric GEM concentrations returned to background values, water vapor containing little to no Hg may have condensed on the frost flowers at Site B. This would have resulted in decreased Hg concentrations but would not have modified the Hg isotopic composition of the frost flowers.
Conclusions
[24] The fate of Hg deposited during AMDEs in Polar Regions is a question of scientific interest. Based on analysis of Hg stable isotopes in frost flowers collected during an AMDE in March 2009, we suggest that Hg accumulating on the crystals was originally deposited to local surface snow. A portion of this Hg was reduced during photochemical reactions, reemitted as GEM, and subsequently locally reoxidized and adsorbed onto the frost flowers. This process likely occurs repeatedly throughout Polar Regions on refreezing sea ice leads during the spring AMDE season. A thinner, more dynamic Arctic sea ice cover is expected in the future [Haas et al., 2008; Rothrock et al., 2008] . This sea ice will likely have more open leads and may yield more new ice and frost flowers. The results of this study suggest that frost flowers may, at least temporarily, aid in the local retention of AMDEdeposited Hg. Ultimately, an increase in conditions that favor frost flower growth in the Arctic may cause an increase in Hg flux to sea ice and to the Arctic Ocean.
